Isolation and structure analysis of two amino acids from bovine ligamentum nuchae elastin hydrolysates revealed the presence of pyridine cross-links in elastin. The structures of these amino acids were determined to have 3,4,5-and 2,3,5-trisubstituted pyridine skeletons both with three carboxylic acids and a mass of 396 (C 18 H 28 N 4 0 6 ), identified as 4-(4-amino-4-carboxybutyl)-3,5-di-(3-amino-3-carboxypropyl)-pyridine and 2-(4-amino-4-carboxybutyl)-3,5-di-(3-amino-3-carboxypropyl)-pyridine. We have named these pyridine cross-links, desmopyridine (DESP) and isodesmopyridine (IDP), respectively. Structure analysis of these pyridine cross-links implied that the formation of these cross-links involved the condensation reaction between ammonia and allysine. The elastin incubated with ammonium chloride showed DESP and IDP levels increased as the allysine content decreased. DESP and IDP were measured by HPLC with UV detection and were found in a variety of
INTRODUCTION
The elastic properties of several verteberate tissues such as lung, skin , and large blood vessels are mainly due to the presence of elastic fibers. Elastin, the major component of these fibers, is synthesized by mesenchymal cells as a soluble precursor, tropoelastin, which undergoes post-translational modifications leading to the formation of specific cross-links that join together several tropoelastin chains (1) .
All of the cross-links in elastin are formed spontaneously after oxidative deamination of specific lysine residues of tropoelastin by lysyl oxidase in the extracellular space. Formed reactive aldehyde, allysine, react with lysine and/or another allysine to form polyfunctional cross-links such as allysine-aldol, lysinonorleucine, merodesmosine, desmosine (DES), isodesmosine (IDE), and cyclopentenosine (2-10).
6 areas of thoracic aorta, and were preserved in methanol at -20•C until analysis. Human aorta elastin was purified by the technique as described above.
Isolation of DESP and IDP from Acid Hydrolysates of Elastin
The elastin for the isolation of DESP and IDP was prepared from fresh bovine ligamentum nuchae (about 1 were purified by re-chromatography with a preparative silica gel column, respectively. The purity of DESP and IDP was confirmed by silica gel TLC and analytical HPLC. TLC was conducted by pre-coated Kieselgel 60 on an aluminum sheet (Merck, Germany) using ethyl acetate/acetic acid/water (2 
In Vitro Incubation of Elastin with Ammonium Chloride
Dried elastin powder (50 mg) was incubated with 1.0 M ammonium chloride in 5 ml of 0.2 M phosphate buffer (pH 7.4) containing 10 µl each of toluene and chloroform to prevent microbial growth. As a control experiment, dried elastin powder (50 mg) was incubated without ammonium chloride in 5 ml of 0. Derivatization of allysine in elastin was carried out under the condition of acid hydrolysis at 110°C for 48 h. Five milliliters of n-hexane/ether (8:2, v/v) was added to the solution after the reaction, and then the organic layer was discarded. Excess p-cresol was extracted with n-hexane/ether (8:2, v/v). APC was not detected by HPLC in the organic layer. The resulting solution was evaporated to dryness in vacuo at 50°C. The residue was dried over P 2 O 5 and dissolved with HPLC solvent (10 ml); then a 20µl portion of solution was injected into the reversephase HPLC column. The HPLC system consisted of a SHIMADZU (Kyoto, Japan) LC-6A pump, a SPD-6AV
UV-VIS spectrophotometric detector, a C-R5A data station, and a HITACHI (Tokyo, Japan) L-7300 column oven. Separation was performed with a LiChrosper 100 RP-18 125-4 reverse-phase column (Merck, Darmstadt, Germany). A guard column (LiChrosper 100 RP-18, 4×4 mm I.D., 5µm particle size; Merck, Darmstadt, Germany) was placed just before the inlet of the analytical column to reduce contamination of the analytical column. The mobile phase was composed of 0.05 M sodium dihydrogen phosphate (pH2.2)-acetonitrile (3:1).
The flow-rate was 1.0 ml/min and the column temperature was 30<. The UV signal was monitored at 282 nm which corresponds to an absorption maximum for APC.
9 spectrometer operated at an accelerating voltage of + 10 kV. The FAB gun was operated at an accelerating voltage of 6 keV with an emission current of 10 mA using xenon atoms as the bombarding gas. The sample was mixed with glycerol/water.
UV Spectrometry
The UV spectra for DP and IDP were obtained with a UV-2100S spectrophotometer (Shimadzu, Kyoto, Japan). resonances from carbons without a directly attached proton were assigned using heteronuclear multiple-bond coherence (HMBC) spectroscopy. HMBC spectroscopy was the pulse field gradient standard Varian program GHMQC. Carbon multiplicity was established by distortionless enhancement by polarization transfer (DEPT). ppm was assigned to the C2 carbon since it is the only 13 C resonance that has GHMBC cross-peaks to both the H4 and H6 protons on the aromatic ring. The resonance at 139.007 ppm was assigned to the C5 carbon since it is the only 13 C resonance that has GHMBC cross-peaks to both the H6 and H17 protons. The resonance at 139.584
NMR Spectroscopy

RESULTS
Isolation of DESP and IDP
ppm was assigned to the C3 carbon since it is the only 13 C resonance that has GHMBC cross-peaks to both the of α-amino group of amino acids produces ammonia, a toxic metabolite that is detoxified by conversion into urea via the urea cycle in the liver. In general, the concentration of ammonia is the highest in the portal vein. Under chronic liver failure, liver cirrhosis, the blood flow of portal vein is drained in the systemic circulation after portal-systemic shunting; it is well-known that the blood ammonia levels are elevated in liver cirrhotic patients.
CCl 4 -induced cirrhotic rats represents a valuable model for studying the causes and possible therapeutic prevenion of hyperammonemia (33, 34). In our study, we have used rats with CCl 4 -induced liver cirrhosis, to further investigate the potential mechanism for the formations of pyridine cross-links in vivo.
significantly higher (p < 0.05) than that observed in the control rat. Also, the allysine content decreased as compared with that in the control rat (TABLE 1) . No DESP could be detected in both aorta elastin of control and cirrhotic rats, by use of the RP-HPLC analytical procedure described in FIG. 1 . (FIG. 9) . The DES, IDE, allysine and allysine-aldol contents of aorta elastin decreased gradually with age. The DES and IDE contents were decreased gradually with age.
Detection of DESP and IDP in vivo 
DISCUSSION
The discovery of pyridine cross-links in bovine ligamentum nuchae elastin is the first molecular evidence for the involvement of ammonia and allysine in elastin cross-linking. We have named these pyridine cross-links, desmopyridine (DESP) and isodesmopyridine (IDP), respectively, since these pyridine cross-links were 3,4,5-and 2,3,5-trisubstituted pyridine and were similar to quaternary pyridinium skeletons of desmosine (DES) and isodesmosine (IDE).
The condensation of aldehydes, ketones, α,β-unsaturated carbonyl compounds or various compounds with ammonia or its derivatives to form substituted pyridines is known as Chichibabine reaction (22, Gly-Ala-Glu-Allysine-(Glu)-, creating regions of negative charge from glutamic acid residues. Since ammonia exist as an ammonium ion of positive charge in solution, it seems to access easily to the sites containing allysine residue. In elastin, the amount of allysine residues are also much higher than that of allysine-aldol, as seen in moles of allysine and ammonia. In this study, however, the involvement of allysine-aldol in these formation can't be denied as described above.
It is known that pyridine compounds are formed by the Hoffmann degradation of quaternary pyridinium compounds under high temperature (36, 37). No both DESP and IDP were found to be formed from DES and This may also suggest that assembled DES and IDE in elastin are very stable and aren't subject to the Hoffmann degradation.
To obtain more information on the formation of pyridine cross-links, in vivo experiment was performed using CCl 4 -induced liver cirrhotic rats. This animal model seems to be well suited for hyperammonemia in patients with liver cirrhosis. Hyperammonemia causes dysfunction of multiple organs in patients with cirrhosis.
We have investigated the changes of IDP and allysine content in the aorta elastin. IDP was found to be formed in the rat aorta elastin, by long-term CCl 4 treatment (4 weeks), consistent with the decrease of allysine residue (TABLE 1) . IDP may be formed by the Chichibabine reaction both allysine residues in elastin and ammonia elevated in blood associated with chronic liver failure; IDP may be an abnormal cross-link in elastin.
Kidney failure frequently accompanies liver failure. Although in cirrhotic patients the kidney continued to release ammonia into the circulation (38, 39), this release decreased at elevated ammonia concentrations (38).Similarly, artificial hyperammonemia in healthy volunteers turned the kidney into an organ of net ammonia uptake from the circulation (40), also suggesting enhanced renal ammonia excretion. Urine production is markedly diminished as cirrhosis worsens. In end-stage cirrhosis, complete kidney shut down (hepato-renal syndrome) is usually fatal. Therefore, under this condition, DESP and IDP contents may increase in the aorta elastin and the aorta elastin may be damaged by ammonia.
Connective tissues in the aorta are known to be greatly affected by age because of impaired functional properties and increased susceptibility to diseases. Elastin and collagen are major important extracellular matix proteins in providing the aorta with tensile strength and elasticity. The ratio between elastin and collagen play key roles in conditioning the morphological-functional properties of the aorta. During aging and senescence, the aorta becomes stiffer and its elasticity is reduced. The age-related changes in stiffness and elasticity have been ascribed to these changes in collagen and elastin concentrations in the aorta. In general, the elastin concentration decreases, and the collagen concentration increases until a certain age and then reaches a plateau (41-45).
However, few studies have investigated the biochemical properties and the contents of elastin and collagen in the Assay for allysine was conducted according to "EXPERIMENTAL PROCEDURES". *Liver cirrhosis was induced in rats by repeated intraperitoneal injections of carbon tetrachloride/mineral oil (1:1) at a dose of 1 ml/kg of body weight three times a week (on Monday, Wednesday, and Friday) for a total of 10 injections (24). Assay for allysine was conducted according to conditions described in "EXPERIMENTAL PROCEDURES"(27). c Assay for allysine-aldol was conducted according to conditions described in "EXPERIMENTAL PROCEDURES"(25). 
Cross-Links and cross-link precursors in elastin from different bovine tissues
